Amphetamine ('Speed'), methamphetamine ('Ice') and its congener 3,4-methylenedioxymethamphetamine (MDMA; 'Ecstasy') are illicit drugs abused worldwide for their euphoric and stimulant effects. Despite compelling evidence for chronic MDMA neurotoxicity in animal models, the physiological consequences of such toxicity in humans remain unclear. In addition, distinct differences in the metabolism and pharmacokinetics of MDMA between species and different strains of animals prevent the rationalisation of realistic human dose paradigms in animal studies. Here, we attempt to review amphetamine toxicity and in particular MDMA toxicity in the pathogenesis of exemplary human pathologies, independently of confounding environmental factors such as poly-drug use and drug purity.
Introduction
Methamphetamine (METH), D-amphetamine (D-AMPH) and 3,4-methylenedioxymethamphetamine (MDMA; Figure 1 ) are illicit psychoactive drugs abused worldwide for their stimulant, euphoric and in the case of MDMA, emphathogenic/entactogenic effects. In contrast to MDMA, D-AMPH and METH are also available under medical prescription and are used in the treatment of attention deficit hyperactivity disorder (ADHD), narcolepsy and weight control (Sulzer et al., 2005; Berman et al., 2009) . Although never marketed, MDMA is reported to have been used by US psychotherapists, prior to its classification as a schedule 1 drug in 1985 (Capela et al., 2009) .
Amphetamines are a subclass of psychostimulants characterised by the presence of a a-methylphenethyl-amine core structure. However, for the purposes of this review, the term amphetamines refers to METH, D-AMPH and the ring substituted amphetamine derivative MDMA. The chronic toxicological and pharmacological effects of each of these drugs have been well documented and much has been discovered with regard to the mechanisms of action and structure-function relationships of each compound. Amphetamines exert their acute effects both in the central nervous system (CNS) and in peripheral tissues. The acute clinical outcome is dependent upon the dose administered and typically includes positively prescribed subjective effects such as an increased state of arousal, euphoria, increased energy and talkativeness, but also negative emotions including anxiety, paranoia or auditory and visual hallucinations (Baylen and Rosenberg 2006; Cruickshank and Dyer, 2009 ). The peripheral effects of amphetamines are primarily mediated by its interaction with the noradrenaline transporter (NAT) and are associated with an increase in extracellular noradrenaline (NA) concentrations. These effects include increases in heart rate, blood pressure, respiration rate, body temperature, psychomotor activation and reduced appetite (Boenisch and Bruess, 2006; Cruickshank and Dyer, 2009) . It is the sympathomimetic stimulating effect of amphetamines which renders them attractive as doping agents (Docherty, 2008) .
Herein we will attempt to delineate the relationship which exists between amphetamines (in particular MDMA) and disease, and highlight areas of ignorance that would benefit from concerted research efforts. It is only now as the first generation of drug abusers begin to reach advanced age that we can truly begin to understand the long-term neuroadaptive and physiological consequences of amphetamine abuse in people.
The peripheral and central effects of amphetamines on the human nervous system are mediated primarily through their interaction with the presynaptic monoamine transporters for dopamine (DAT), serotonin (SERT) and noradrenaline (NAT). Presynaptic monoamine transporters are responsible for the reuptake of released neurotransmitter from the synaptic cleft and thus exert key dynamic spatial and temporal control over monoamine neurotransmission. As a consequence, the monoamine transporters act as important targets for multiple psychoactive agents in addition to amphetamines, such as cocaine and antidepressant drugs (Sitte and Freissmuth, 2010) . All three transporters are members of the high affinity, neurotransmitter:sodium symporter (NSS) gene family of facilitated transporters (Saier, 2000) . Their hydrophobic core is formed by 12 transmembrane helices. Their amino and carboxy termini are located within the cell and contain multiple consensus sites for protein kinase C (PKC), protein kinase A and Ca 2q /calmodulin-dependent protein kinase (Vaughan, 2004) . A crystal structure of a bacterial transporter LeuT Aa has been available for several years (Yamashita et al., 2005) . LeuT Aa was originally thought to be a leucine transporter (hence its name), but it transports other substrates such as alanine more efficiently. LeuT Aa is a bacterial homolog of the NSS and its structure has provided a template for educated guesses on the structure-function relationship in SLC6 family members (Forrest et al., 2008; Shi et al., 2008; Zhao et al., 2010) .
Amphetamines act as competitive substrates at NAT, DAT and SERT. Therefore, the reuptake of endogenous neurotransmitters is reduced in their presence. Concomitantly and -more importantly -they also induce reverse transport of endogenous neurotransmitter and hence non-exocytotic neurotransmitter release (Sitte and Freissmuth, 2010) . Such actions lead to a significant increase in the levels of extracellular serotonin (5-HT), NA and dopamine (DA) and are thought to account for the majority of acute amphetamine-induced behavioural and psychological effects (Green et al., 2003) . Amphetamines also inhibit the action of vesicular monoamine transporters (VMATs) and monoamine oxidases (MAOs), although at significantly lower concentrations than that required for non-exocytotic neurotransmitter release. For example, MDMA inhibits MAO-A 10 times more potently than MAO-B, yet possesses an IC 50 value of only 44 mM at MAO-A (Leonardi and Azmitia, 1994) and approximately 30 mM at VMAT 2 (Partilla et al., 2006) when analysed in rat tissue in vitro, both of which are approximately 500-fold higher than its EC 50 (0.074 mM) for 5-HT release in rat synaptosomes (Baumann et al., 2007) . Furthermore, pharmacological doses (0.3-1 mg/kg) of MDMA, METH and D-AMPH do not block MAO activity when administered to male Sprague-Dawley rats in vivo (Zolkowska et al., 2006) , whereas the MAO-A inhibitor clorgyline has been shown to synergistically enhance the effects of higher doses of MDMA (10-40 mg/kg) on serotonin mediated behaviour, body temperature and 5-HT release in rats (Hewton et al., 2007; Alves et al., 2009b) . In contrast to MAO-A, both the gene silencing and inhibition of MAO-B protected against MDMA-induced 5-HT neurotoxicity and oxidative mitochondrial damage in rats (Sprague and Nichols, 1995; Falk et al., 2002; Hrometz et al., 2004; Alves et al., 2007) , whereas 5-HT (but not DA depletions) are reduced in MAO-B deficient mice following chronic MDMA administration (Fornai et al., 2001 ). Thus, although MAOs clearly play a role in the mediation of chronic MDMA-induced neurotoxicity in rodents, the overall significance of MDMA-induced VMAT and MAO inhibition in acute central drug effects at pharmacological doses in vivo is as yet unclear.
The affinity for DAT, NAT and SERT differs among amphetamines: for instance, the addition of the 3,4-methylenedioxy group to the phenyl ring of MDMA significantly increases its affinity for SERT and NAT over DAT (Capela et al., 2009 ). The selectivity of METH, MDMA and D-AMPH for different monoamine transporters has also been associated with the specificity of their neurotoxic actions to the underlying monoaminergic neuronal systems. For example, METH has been reported to exert selective neurotoxicity in the dopaminergic nigrostriatal system, comparable to that of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Subsequently, both MPTP and METH are used to produce animal models of Parkinson's disease (PD) (Sonsalla et al., 1996; Harvey et al., 2000; Granado et al., 2010) , even though an increased risk of PD in chronic human METH abusers has yet to be confirmed by epidemiological data (Guilarte, 2001; Chang et al., 2007) . D-AMPH has also been reported to induce dopaminergic neurotoxicity in nonhuman primates when administered at doses equivalent to those used in the treatment of ADHD (Ricaurte et al., 2005) . In contrast, MDMA is regarded as a selective serotonergic neurotoxin and has been associated with cognitive dysfunction in humans (Karlsen et al., 2008) . All three drugs have addictive potential and can lead to varying degrees of drug dependence.
Acute MDMA toxicity and death in humans MDMA abuse can lead to death. However, in comparison to the widespread use of MDMA, fatal intoxications are rare events (EMCDDA, 2009) , the majority of which are accompanied by acute hyperthermia, hyponatramia, cardiovascular collapse and rhabdomyolysis (Lyles and Cadet, 2003; Hall and Henry, 2006) . The direct mechanisms that underlie the toxic actions are difficult to elucidate because, in the majority of cases, MDMA is not the only drug involved. Acute MDMA toxicity in humans appears to be mainly due to the combined action of a serotonin syndrome and sympathomimetic effects (de la Torre et al., 2000) . However, epileptic seizures have also been reported (Baylen and Rosenberg, 2006; Giorgi et al., 2006; Karlsen et al., 2008) . A serotonin syndrome is the hallmark of acute MDMA toxicity in animals (Green et al., 2003) .
Chronic MDMA neurotoxicity in animals
Few direct correlations exist between MDMA abuse and human disease states other than addiction. However, there are over 200 studies which demonstrate the acute biphasic effect of MDMA on serotonergic neurotransmission in rats and monkeys (Capela et al., 2009) . Following the initial MDMA-induced release of 5-HT, the intracellular levels of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) are significantly reduced within 3-6 h. Recovery can occur within 24 h but the administration of multiple doses of MDMA, at G20 mg/kg in rats, can induce further decreases in serotonergic biomarkers and SERT surface levels that are still present 1 week later (Schmidt et al., 1986; Stone et al., 1986; Battaglia et al., 1987; Schmidt, 1987; Xie et al., 2006) . Similar findings have been reported in monkeys but at lower doses, i.e., 2.5-5 mg/kg. This comparison indicates that monkeys are more susceptible to MDMA toxicity than rats (Capela et al., 2009 , Green et al., 2009 . Furthermore, in contrast to other rat strains such as the Sprague-Dawley or Wistar rats described above, significant decreases in serotonergic biomarkers have been reported in Dark Agouti rats following only single doses of 10-15 mg/kg MDMA (Capela et al., 2009) .
MDMA also inhibits tryptophan hydroxylase activity, the rate limiting enzyme in 5-HT biosynthesis, in rats and reduces the expression of VMAT2 in baboons (Green et al., 2003) . Numerous neuroanatomical and immunohistological studies have highlighted the axonal degeneration of 5-HT neurons following high doses of MDMA in rats and monkeys (Ricaurte et al., 1988; Green et al., 2003) . Furthermore, abnormal reorganisation of 5-HT-projections and increased axonal 'sprouting' has also been reported in monkeys (Fischer et al., 1995; Hatzidimitriou et al., 1999) . However, the selective nature of MDMA neurotoxicity in rats has recently been questioned (Schmued, 2003) . Furthermore, in contrast to rats, MDMA primarily targets dopaminergic neurotransmission in mice (Itzhak et al., 2003; Granado et al., 2008) and has been shown to deplete both DA and its metabolites in numerous mouse studies (Capela et al., 2009 ). It is not clear why observations in rats and monkeys differ from those in mice, but species-dependent divergent oxidative metabolism is thought to be a contributing factor. Collectively, these findings indicate that MDMA has the potential to produce a distal axotomy of 5-HT neurons in rats and primates. Nonetheless, significant controversy exists regarding the ability of MDMA to induce 'reactive gliosis' in rats, or more specifically to increase glial fibrillary acidic protein expression (Pubill et al., 2003; Li et al., 2006 , Chipana et al., 2008 . Until a consensus can be reached regarding the ability of MDMA to induce the expression of this crucial neurotoxic CNS marker, the possibility that MDMA induced 5-HT depletions in rats are due to persistent adaptive changes in gene expression and/or protein function rather then neurotoxic damage must also be considered (Baumann et al., 2007) . Furthermore, the majority of these studies were conducted using chronic drug administration paradigms (multiple i.p. or s.c. injections of 10 mg/kg or higher), as determined by 'interspecies scaling'; an equation which estimates the equivalent dose rates between rodents and humans (Ricaurte and McCann, 2001 ). The relevance of the 'allometric equation' when extrapolating the results of MDMA animal studies to humans has recently been called into question (de la Baumann et al., 2007; Green et al., 2009 ) and is further complicated by both interspecies metabolic variations and the non-linear pharmacokinetics of MDMA metabolism in both humans and monkeys (de la Torre et al., 2000; Farre et al., 2004; Kolbrich et al., 2008; Green et al., 2009 ). The hepatic metabolism of MDMA is a crucial factor in the manifestation of MDMA neurotoxicity in rodents (de la Monks et al., 2004; Escobedo et al., 2005; Jones et al., 2005) . This is also emphasised by the fact that the direct injection of MDMA into rat brain fails to reproduce the acute or longterm neurotoxic effects evident following peripheral administration (Esteban et al., 2001 ). Thus, neuroanatomical markers, dose, drug bioavailability and species-specific metabolic pathways must all be carefully assessed when interpreting the results of chronic toxicological animal data and more in-depth studies are required to further elucidate these areas. In spite of the obvious differences which exist in both species and even strain sensitivities to MDMA toxicity, the majority of animal data still suggests that MDMA is a serotonergic neurotoxin. However, the direct functional consequences of such neurotoxicity in humans have yet to be elucidated.
Chronic MDMA toxicity in humans: clinical studies
There are well-known limitations in extrapolating the results of animal studies to humans (de la . Consequently, the actual neurotoxic potential of MDMA in humans remains a subject of much debate (Curran, 2000; Gouzoulis-Mayfrank and Daumann, 2006b; Baumann et al., 2007) . Nonetheless, MDMA induces similar neurochemical, endocrine and behavioural effects in rats and humans at equivalent doses (Baumann et al., 2007) . In addition, decreased levels of cerebrospinal fluid 5-HIAA and SERT binding sites have been reported in human MDMA users when compared to non-MDMA users (McCann et al., 1994 Semple et al., 1999; Reneman et al., 2001) . Moreover, the magnitude of this decline was found to correlate with the extent of MDMA abuse (McCann et al., 1998) . Findings from these early brain imaging studies have recently been corroborated by the employment of more stringent and sensitive parameters, thus confirming the interpretation that serotonergic neurotransmission is subject to long-lasting and subtle alterations following MDMA abuse in humans (Kish et al., 2010a,b) . In line with its sympathomimetic affects, MDMA abuse has also been linked with myocardial damage and valvular heart disease (Baumann and Rothman 2009) .
Numerous investigators have reported that memory, complex attention, decision-making and executive function are acutely impaired in MDMA users at low doses (Vollenweider et al., 2005; Kuypers and Ramaekers, 2007; Zakzanis et al., 2007; Karlsen et al., 2008) . MDMA-induced reductions in SERT density have also been linked to impaired performance in short-term memory-dependent tasks such as complex calculations and semantic reasoning (McCann et al., 2008; Kish et al., 2010b) . However, the study designs do not allow for the elucidation of cause-and-effect relationships. Two scenarios are conceivable: (i) frequent MDMA use causes impaired cognition and (ii) psychological difficulties associated with mild cognitive impairment also predispose to MDMA abuse. This question cannot be answered by comparing drug users and age-matched control individuals. However, MDMA impairs learning and memory formation in mice and increases phosphorylation of the fibrillary tangle protein TAU in the mouse hippocampus (Busceti et al., 2008) . These observations support the conjecture that impaired memory is a consequence of MDMA consumption rather than that -vice versa -a cognitive impairment precedes MDMA consumption. Nevertheless, studies on the use of illicit drugs by people are difficult to interpret because the individual subjects typically buy impure drug preparations, typically consume several drugs, can suffer from pre-existing mental conditions and differ widely in their biographies (Gouzoulis-Mayfrank and Daumann, 2006a; Parrott, 2006; Soar et al., 2009 ). People also vary in their individual resilience; it is worth noting that a polymorphism in the serotonin transporter gene affects resilience/susceptibility to traumatic stress (Caspi et al., 2003) . Thus, longitudinal studies are required to verify that MDMA does have an effect on human cognition independently of these confounding factors. In addition, it would be of major interest to determine whether a polymorphism in the promoter of the target gene of MDMA, i.e., SERT, affects susceptibility to the deleterious effects of MDMA. The currently available observations do not address these issues and they do not provide any conclusive evidence to support the conjecture that a promoter polymorphism renders people more likely to partake in MDMA consumption (Roiser et al., 2005; Martín-Santos et al., 2010) .
A closer look into intracellular mechanisms: MDMA and mitochondrial dysfunction -a putative cause of neuropsychiatric disease?
Four key mechanisms have been identified that are thought to contribute to MDMA neurotoxicity and these include (1) hyperthermia, (2) MDMA metabolism, (3) oxidative stress, and (4) dysregulation of energy metabolism via mitochondrial dysfunction. A thorough review of each is beyond the scope of this review (more detailed information can be found in the following articles: Capela et al., 2009; Song et al., 2010; Yamamoto et al., 2010) . Moreover, the role of MDMA-induced metabolic dysfunction is highlighted here in the context of neuropsychiatric disease.
Emerging evidence implicates both mitochondrial dysfunction and impaired metabolic fluxes in MDMA-induced neurotoxicity (Quinton and Yamamoto, 2006; Moon et al., 2008; Alves et al., 2009a; Pourahmad et al., 2010; Puerta et al., 2010) . Mitochondria are the primary source of both cellular ATP and endogenous reactive oxygen species in the cell (Brown and Yamamoto, 2003) . Oxidative stress and decreased energy production are hallmarks of acute MDMA exposure (Green et al., 2003) . Hence, it seems probable that MDMA mediates at least some of its neurotoxic effects via mitochondrial dysfunction (Yamamoto and Raudensky, 2008; Puerta et al., 2010) . The physiological consequences of MDMA-induced metabolic compromise are unclear. However, damage to the mitochondrial electron transport chain was recently proposed as an important factor in the pathogenesis of several neuropsychiatric disorders, including bipolar disorder, depression and schizophrenia (Rezin et al., 2009 ). There are several anecdotal reports of depressive symptoms, anxiety and psychiatric episodes following MDMA abuse (Schifano, 2000) . In addition, long-lasting increases in anxiety-like behaviours have been documented in rats (Morton, 2005) . However, there is much debate regarding the reliability of subjective MDMA user accounts, and several recent studies have questioned the role of polytoxicomanic drug intake, environmental stresses and preexisting mental disorders in the pathogenesis of 'ecstasy'-induced depression and anxiety disorders (Durdle et al., 2008; Bedi et al., 2010; Pirona and Morgan, 2010; Scott et al., 2010) . Thus, as yet it is unclear whether there is any direct correlation between MDMA and neuropsychobiological disease in the absence of polytoxicomanic drug use or confounding environmental factors.
Addictive potential of amphetamine abuse
An increase in synaptic mesocorticolimbic DA is believed to be the neurochemical correlate for the rewarding properties of drugs of abuse. This often initiates addiction in vulnerable individuals. The mesocorticolimbic DA system consists of dopaminergic neurons that reside in the ventral tegmental area (VTA) and project to various regions in the forebrain including the nucleus accumbens (NAc), prefrontal cortex and amygdala (Kauer and Malenka, 2007) . Although all known drugs of abuse lead to an increase in mesocorticolimbic DA concentrations, the mechanisms that lead to DA release differ greatly.
The consumption of D-AMPH and METH results in a massive increase in extracellular DA within the NAc, far beyond that associated with its release in reward and motivation for naturally salient stimuli (Wise, 2004) . In fact, because amphetamines lead to supraphysiological extracellular DA concentrations in the NAc, responses to natural rewarding stimuli are blunted. This desensitisation perturbs the normal physiological role of DA in reward and motivation through the induction of neuroplastic changes (Kalivas and Volkow, 2005; Kauer and Malenka, 2007) . Psychostimulants such as D-AMPH and METH or the monoamine transporter blocker cocaine induce neurochemical sensitisation after repeated administration, i.e., a subsequent challenge with the drug leads to an increase in DAT-mediated DA efflux (Segal and Kuczenski, 1987; White and Kalivas, 1998) . Amphetamines also increase locomotor activity, an effect which can be enhanced by the repeated administration of the drug. This hyperactivity is referred to as 'behavioural sensitisation' and is neurochemically correlated with an increase in striatal DA release. It can persist for several months following the last drug administration, thereby mimicking the sensitised states of human psychostimulant abusers (Paulson and Robinson, 1995; Pierce and Kalivas, 1997) .
There is also substantial evidence to suggest that MDMA evokes drug seeking behaviour in animals, although to a lesser extent than either METH or D-AMPH. MDMA selfadministration has been reported for mice (Trigo et al., 2007) , rats (Ratzenboeck et al., 2001; Schenk, 2009 ) and non-human primates (Beardsley et al., 1986; Fantegrossi et al., 2002; Lile et al., 2005) . MDMA can act as a reinforcer in both classical (conditioned place preference, CPP) and operant paradigms. However the rate of MDMA self-administration is consistently lower than either METH or cocaine in rhesus monkeys (Fantegrossi et al., 2002; Lile et al., 2005) and a high percentage of rats fail to partake in self-administration even after substantial training periods (Schenk, 2009) . Likewise, lower doses of D-AMPH produce more consistent rates of drug induced self-administration than MDMA in rats and monkeys (Beardsley et al., 1986; Shin et al., 2008) . Repeated MDMA exposure has also been reported to induce long-term behavioural and neurochemical sensitisation in rats Ramos et al., 2005; Colussi-Mas and Schenk, 2008) and cross-sensitisation to the behavioural effects of cocaine Peraile et al., 2010) but not amphetamine in rats (Modi et al., 2006) . Conversely, priming injections of racemic and (Sq)MDMA have recently been shown to reinstate extinguished D-AMPH-and MDMA-induced drug-seeking behaviour in rats (Schenk, 2009; McClung et al., 2010) .
MDMA is clearly a reinforcer in animal studies, but the mechanism of MDMA-induced drug dependence is still under scrutiny. It appears to differ somewhat from that of AMPH (Degenhardt et al., 2010) . As with amphetamines, the rewarding properties of MDMA are partially accounted for by drug-induced mesocorticolimbic DA release in rats and mice (Bankson and Yamamoto, 2004; Robledo et al., 2004b; Trigo et al., 2007; Tourino et al., 2008) and are attenuated by D 1 /D 2 receptor antagonists in rats (Shin et al., 2008) . Serotonergic neurotransmission and the endocannabinoid system are also implicated in the reinforcing effects of MDMA as MDMA self-administration is abolished in both SERT-and CB1-receptor-deficient mice (Trigo et al., 2007; Tourino et al., 2008) and attenuated by 5-HT 2A antagonists in monkeys (Fantegrossi et al., 2002) . However, in vivo microdialysis studies have shown that 5-HT stimulates DA release under both normal and drug-induced conditions via the activation of 5-HT 1A , 5-HT 1B , 5-HT 2A , 5-HT 3 and 5-HT 4 receptors (Di Giovanni et al., 2002; Di Matteo et al., 2008) , whereas 5-HT 2 antagonists (Nash et al., 1990; Gudelsky et al., 1994; Schmidt et al., 1994) and SERT inhibitors suppress MDMA-induced DA release (Gudelsky and Nash, 1996; Koch and Galloway, 1997) . Thus, the role of serotonergic neurotransmission in MDMA-induced drug dependence could be partly due to its indirect regulation of DA release. By contrast, the activation of the 5-HT 2C receptor subtype has been shown to inhibit mesocortical DA function (Di Giovanni et al., 2002; Di Matteo et al., 2008) . MDMA also stimulates GABA release in the VTA by 5-HT 2C receptor activation. This counteracts MDMA-mediated DA efflux in the NAc (Bankson and Yamamoto, 2004) . Accordingly, MDMA-induced behavioural sensitisation is antagonised by 5-HT 2C activation in rats (Ramos et al., 2005) . Thus, the net effect of 5-HT elevations on DA neurotransmission is dependent upon which serotonin receptors are activated within the circuitry. Furthermore, MDMA (but not METH or cocaine) activity in rat ventral striatal subregions can antagonise the reinforcing effects of DA in the medial olfactory tubercle (Shin et al., 2008) . Thus, given the potential antagonistic effects of MDMA on mesolimbic DA release, it is not surprising that MDMA coadministration has also been shown to attenuate the reinforcing effects of both cocaine (Diller et al., 2007) and METH (Clemens et al., 2006) in rats.
In contrast to amphetamines, animals undergoing chronic MDMA administration experience limited withdrawal symptoms in response to acute serotonergic antagonism (Robledo et al., 2004a) . These observations further question the relevance of animal experiments that rely on self-administration to gauge the addictive properties of MDMA. As outlined earlier, MDMA is not readily self-administered, indicating that its rewarding properties are modest in comparison to D-AMPH or cocaine. There have been numerous subjective accounts of MDMA withdrawal or 'come-down' in the days following MDMA ingestion in humans, but so far it has been difficult to separate these effects from either subacute drug effects or genuine dysphoria due to the removal of the drug (Degenhardt et al., 2010) . Furthermore, and in contrast to rats, prolonged MDMA self-administration in monkeys results in a progressive reduction in MDMA responses. MDMA eventually fails to provide a reward that drives selfadministration (Fantegrossi, 2007) . This finding is in line with subjective reports of 'MDMA tolerance' experienced by frequent MDMA users (Green et al., 2003) . MDMA tolerance has also been demonstrated in rats following acute high-dose administration and is believed to result from impaired 5-HT release and hyperthermia (Baumann et al., 2008; Jones et al., 2010) .
Studies on 'MDMA dependence' in humans are often confounded by mixed sample populations of poly-drug users and typically rely on subjective user reports. Nonetheless, approximately 15% of routine MDMA users recently fit the diagnostic criteria for MDMA dependence according to the Diagnostic and Statistical Manual, fourth edition/DSMIV (Bruno et al., 2009 ). Comparable results have been reported following MDMA abuse in the United Kingdom (McCambridge et al., 2005) . Furthermore, MDMA and D-AMPH were reported to have similar reinforcing effects in people during a controlled laboratory study (Tancer and Johanson, 2003) . Thus, there is some epidemiological evidence to support the addictive potential of MDMA as described in animal studies, although to a much lesser extent than that of either METH or D-AMPH. MDMA-induced drug dependence is clearly a complex issue and many factors such as animal species/strain, receptor subtype, dose and duration of treatment must all be carefully considered when interpreting the results of animal studies. Further long-term studies are required to confirm the manifestation of MDMA dependence and recovery in humans in the absence of poly-drug use or environmental restrictions.
Amphetamine-induced dopamine efflux is partially dependent upon the specific activation of intracellular kinases (e.g., CamKIIa and PKCb), glutamate receptors and L-type Ca 2q channels (Kantor et al., 2004; Licata et al., 2004; Fog et al., 2006; Chen et al., 2009; Singer et al., 2010) . Pharmacological inhibition of CamKIIa or PKCb in cells and rodents and gene knockout of PKCb in mice reduces amphetamineinduced, DAT-mediated DA efflux (Fog et al., 2006; Chen et al., 2009) . Furthermore, the pharmacological inhibition of CamKIIa or PKCb (Pierce et al., 1998) and CamKIIa knockout (Licata et al., 2004) prevented sensitisation to cocaine in rodents; in line with these observations, herpes simplex-mediated transient overexpression of CamKIIa in the NAc shell enhanced D-AMPH-induced behavioural responses in rats .
Taken together, these observations are consistent with a cellular model where amphetamine action in mesocorticolimbic dopaminergic neurons is the fundamental mechanism contributing to their reinforcing and addictive properties (Nestler, 2005; Kalivas, 2007) . At the molecular level, the prime targets are the neurotransmitter transporters SERT and DAT which mediate amphetamine-induced non-exocytotic efflux (Sitte and Freissmuth, 2010) .
D-AMPH and METH vary considerably in their toxic and addictive effects. Although D-AMPH has a higher affinity for DAT than METH (Howell and Kimmel, 2008) , the latter is a more potent and also more perilous stimulant than D-AMPH. This could be as a result of their differing effects on cellular targets such as MAOs, mitochondrial electron transport chain complexes and their interactions with different signal transduction pathways. METH is more lipophilic than D-AMPH. Therefore, it readily enters the cell via diffusion in addition to DAT-dependent uptake. Furthermore, METH has been shown to release more DA and intracellular Ca 2q than D-AMPH at physiologic membrane potentials. These effects can be blocked by DAT inhibitors (Goodwin et al., 2009 ). This increased DA release perhaps provides an explanation for the enhanced abuse potential and the strong euphoric effects of acute METH exposure in humans.
Chronic METH abuse leads to the degeneration of monoaminergic terminals (Davidson et al., 2001; Krasnova and Cadet, 2009 ) and reduced DAT and DA levels in the striatum of mice, rats and monkeys (Anderson and Itzhak, 2006; Graham et al., 2008; Melega et al., 2008) . Similar effects have been reported in people subjected to positron emission tomography (PET) (Volkow et al., 2001) .
In contrast to MDMA, the metabolism of D-AMPH/METH does not appear to be significant in the manifestation of drug neurotoxicity. However, increases in DA metabolism following D-AMPH/METH-induced DA release have been implicated in the expression of amphetamine neurotoxicity, primarily through the production of oxidative stress (Krasnova and Cadet, 2009 ).
Many of these effects have been clarified and extended using animals rendered genetically deficient of a functional copy of DAT, NAT or SERT ('gene knockout' mice). DATknockout mice have an increase in extracellular DA concentrations which results in spontaneous hyperlocomotion (Giros et al., 1996) . Interestingly, D-AMPH does not release additional DA in the striatum of DAT-knockout mice thus supporting the importance of DAT as a primary target for D-AMPH. Similarly, METH administration failed to induce either neurotoxicity or DA release in the striatum of DATdeficient mice (Gainetdinov et al., 2002) . Contrary to increasing locomotion in wild-type animals, D-AMPH inhibits hyperlocomotion in DAT-KO mice, but still increases the extracellular concentration of DA in the NAc. As outlined earlier, this could be the result of serotonergic modulation of dopaminergic neurons in the NAc because this effect occurs independently of DAT (Jones et al., 1998; Gainetdinov et al., 2002; Budygin et al., 2004) . Serotonergic modulation can also explain why D-AMPH is still capable of inducing rewarding effects in these animals despite the absence of DAT (Budygin et al., 2004) . By contrast, mice overexpressing DAT show markedly increased locomotor responses to D-AMPH and a 3-fold increase in DA release (Salahpour et al., 2008) .
Although most of the research in sensitisation is focused on the dopaminergic system, new evidence is emerging to suggest that the noradrenergic and serotonergic systems might also be of fundamental importance (Tassin, 2008) . Further support for this hypothesis came from observations that both cocaine and the SERT-specific antagonist fluoxetine were able to induce CPP in wild-type and DA-deficient mice (Hnasko et al., 2007) . It is thus very probable that both DAT and SERT are important players in the mediation of druginduced reward, as DAT/SERT-double knockout mice do not develop CPP in contrast to DAT-, SERT-or NAT single knockout mice (Sora et al., 2010) .
Amphetamines and psychotic episodes
One of the prime findings in amphetamine abuse is the induction of psychotic episodes that are almost indistinguishable from the positive symptoms seen in schizophrenic patients (Ujike and Sato, 2004; Hermens et al., 2009 ). This supports the conjecture that there might be a link between amphetamine abuse and the psychopathic traits observed in schizophrenia. Although the aetiology of schizophrenia is very complex and comprises multiple genetic and environmental risk factors (Karam et al., 2010) , psychostimulants such as D-AMPH or METH can increase the susceptibility of users to psychotic symptoms either during acute amphetamine abuse or during withdrawal (Ujike and Sato, 2004; Hermens et al., 2009 ). There are reports that DAT levels are not reduced in the striata of schizophrenic patients (Seeman and Niznik, 1990) . However, others report that there is a reduction in DAT and tyrosine hydroxylase levels in the prefrontal cortex of postmortem specimens of schizophrenic subjects (Akil et al., 1999) .
It has been recently shown that impulsive antisocial behaviours (a possible 'negative symptom' that can occur in schizophrenia) correlates with an increase in amphetamineinduced DA release in the NAc measured by w 18 Fxfallypride PET and functional magnetic resonance imaging. These observations provide evidence for an association between substance abuse and psychopathic traits (Buckholtz et al., 2010) . To obtain an animal model for the psychotic symptoms of schizophrenia, animals are subjected to amphetamine-induced sensitisation and observed during withdrawal periods after the sensitisation regimen (Paulson and Robinson, 1995; Peleg-Raibstein et al., 2009) . Sensitised animals show an increase in subsequent amphetamine-induced DA release in the striatum and an increase in locomotor activity (Paulson and Robinson, 1995; Iwata et al., 1997) . Thus, sensitisation is not only a model for addiction but also for psychosis (Gainetdinov et al., 2001) . Abi-Dargham et al. (2009) have shown using w 123 IxIBZM (a DAT antagonist) single photon emission computed tomography that schizophrenic patients demonstrate a higher striatal DA release after challenge with D-AMPH and increased D 2 receptor occupancy compared to control subjects (Abi-Dargham et al., 2009) . Schizophrenia is a collection of presumably heterogeneous disease entities. Hence, many findings are controversial and difficult to reproduce. Nevertheless, at this stage it seems safe to conclude that there is sufficient evidence to substantiate the claim that DAT plays a role in the pathogenesis of schizophrenia.
Conclusions and future perspectives
Amphetamines are the second most commonly abused drugs in Europe after cannabis (EMCDDA, 2009 ) and the devastating effects of METH addiction are obvious in many parts of the world (Karila et al., 2010) . All three drugs (METH, D-AMPH and MDMA) have been reported to induce psychotic episodes or 'seizures' in humans (Ujike and Sato, 2004; Karlsen et al., 2008) . Furthermore, the loss of nigrostriatal dopaminergic neurons observed following repeated METH administration in animals has been associated with the pathogenesis of PD (Sonsalla et al., 1996; Harvey et al., 2000; Granado et al., 2010) . These unintended ('side') effects should be carefully assessed when considering the long-term effects of amphetamine abuse on mental health and well-being. Conversely, both D-AMPH and METH are used in the treatment of ADHD, narcolepsy and obesity. Likewise, MDMA abuse has been implicated in both the origin and treatment of PD (Morton, 2005; Sotnikova et al., 2005) . Moreover, MDMA has even been suggested as a therapeutic aid in post-traumatic stress disorder (Morton, 2005) . Thus, investigations are continuing regarding the role of amphetamines in the pathogenesis (or indeed treatment) of CNS disease states. Long-term amphetamine administration has been shown to induce ample neurodegenerative side effects in animal models, thus rendering this the main cause for concern in humans following chronic amphetamine abuse. However, the results of animal behavioural and toxicity studies cannot be readily extrapolated to patients. This is particularly true for MDMA where major pharmacokinetic differences exist between commonly used laboratory animals. Thus, extensive longitudinal research in clinical settings is necessary to dissect confounding environmental factors such as polytoxicomanic drug use and pre-existing mental conditions from amphetamine-induced toxicity in the future. It is safe to predict that the availability of good data and reliable epidemiological evidence will also allow for a more temperate approach to the abuse and therapeutic use of amphetamines in the future.
